A new linked bis(tricarbadecaboranyl) dianion has been used to form the first examples of ansa-vanadabis(tricarbadecaboranyl) complexes. The Li2 + [6,6-(CH2)4-nido-(5,6,9-C3B7H9)2] 2-(1) dianion was produced by a carbon-insertion route involving the reaction of two equivalents of arachno-4,6-C2B7H12with adiponitrile. The reaction of 1 with VCl3·THF produced two isomeric ansa-vanadabis(tricarbadecaboranyl) complexes, ansa-Highlights ➢ Synthesis and structural characterizations of the first ansavanadabis(tricarbadecaboranyl) complexes ➢ The ansa-vanadabis(tricarbadecaboranes) are paramagnetic with one unpaired electron ➢ Cage-carbon migration in the ansa-vanadabis(tricarbadecaboranes) enhances the tricarbadecaboranyl bonding configuration ➢ Flexible linker allows for an encapsulation of the metal center that inhibits its interactions with other potential reactants
Introduction
We have demonstrated that the 6-R-5,6,9- nido-C3B7H9 -(R = Me or Ph) [1, 2] tricarbadecaboranyl anions can function as cyclopentadienyl analogs with the tricarbadecaboranyl sandwich complexes exhibiting properties that are complimentary to their metallocene cousins [3] . For example, we previously synthesized [4] a range of different vanadabis(tricarbadecaboranyl) complexes V(Me-C3B7H9)2 sandwich complexes and demonstrated that, unlike the Cp2V [5] and Cp*2V [6] vanadocenes, the vanadabis(tricarbadecaboranes) are both air and water stable, as well as unreactive toward coordination with additional ligands. In light of the unique properties imparted by tricarbadecaboranyl ligands, we have continued to explore the syntheses and properties of the tricarbadecaboranyl equivalents of other important classes of metallocene structure types.
Ansa-ligated metallocene [7] and metallacarboranyl complexes [8] are new and growing classes of stabilized sandwich complexes with constrained geometries that have found increasing uses as, for example, stereo-selective catalysts, chelating agents for metal separations and biomedical reagents. We recently reported [9] the synthesis of both the first linked cyclopentadienyl-tricarbadecaboranyl and bis(tricarbadecaboranyl) dianions and their use to form the first examples of ansa-ferratricarbadecaboranyl complexes. The short length of the -(CH2)2-linker used in the ansa-ferrabis(tricarbadecaboranyl) complexes inhibited coordination of the their two linked-cages in the most favorable interlocking configuration. In this paper, we report the synthesis of a new linked bis(tricarbadecaboranyl) dianion with a longer, four-carbon tether that facilitates optimal metal-cage bonding interactions, as illustrated by the use of this dianion to form the first ansa-vanadabis(tricarbadecaboranyl) complexes.
Results and Discussion
We earlier demonstrated that the carbon insertion method originally developed by Kang [1, 4] , which employs the reaction of the arachno-4,6-C2B7H12anion with nitriles, could be used with succinonitrile to make the linked-cage [6, 6, )2] 2dianion [9] . In a similar fashion, the reaction of two equivalents of arachno-4,6-C2B7H12with adiponitrile produced a solution of the Li2 + [6, 6, )2] 2-(1) salt containing the longer 4-carbon linkage. The 11 B NMR spectrum of the reaction solution at completion exhibited the seven resonance pattern that is highly characteristic of the 6-R-nido-5,6,9-C3B7H9 − anion and was similar to that observed for the previous [6, 6, 
Because the tricarbadecaborane cage is enantiomeric, 1 is produced as a mixture of the two diastereomeric forms shown in Scheme 1 resulting from the R+S and R+R (or S+S) combinations of the 6-R-nido-5,6,9-C3B7H9 − enantiomers. 1 was not isolated at this point, but was instead stored as a stock solution under N2 until its further reaction. Scheme 1. Synthesis of Li2 + [6, 6, As observed in the reactions to form the V(Me-C3B7H9)2 complexes, during the reaction to form 2 and 3, reduction to V(II) occurred with the lower oxidation state stabilized by the highly electron-withdrawing tricarbadecaboranyl ligands [3, 4, 10] . Like the V(II) vanadocene complexes, Cp2V [5] and Cp*2V [6] , 2 and 3 are paramagnetic with a 15 electron count at the vanadium. However, unlike Cp2V and Cp*2V, which are high spin complexes with three unpaired electrons, Evan's method measurements indicated, as was observed for the untethered V(Me-C3B7H9)2 complexes [4] , that 2 (μeff = 1.77) and 3 (μeff = 1.73) had only one unpaired electron. This difference in magnetism is again consistent with both the lower symmetry and stronger bonding properties of the tricarbadecaboranyl versus the Cp/Cp* ligands.
Owing to their paramagnetism, 2 and 3 could not be characterized with the aid of NMR;
however, crystallographic determinations confirmed the ansa-structures shown in (6); V1-(C4-B5-B6-B7)centroid, 1.810540 (6); V1-(C4'-B5'-B6'-B7')centroid, 1.75436 (1); C2-B5, 1.601 (8); B5-B6, 1.832 (8); C3-B6, 1.571(12); C3-B7, 1.586(11); C4-B7, 1.736 (6); C2-C4, 1.515 (6); C4-C12, 1.527(5); V1-C2', 2.058(4); V1-C3', 1.999 (4); V1-C5', 2.363(4); V1-B4', 2.355 (6); V1-B6', 2.339 (9); V1-B7', 2.362(9); C2'-B4', 1.594 (6); B4'-B7', 1.856 (14); C3'-B6', 1.589 (8); C3'-B7', 1.576(12); C5'-B6', 1.724 (7); C2'-C5', 1.516(5); C12'-C2', 1.532(5); C3-V1-C2, 102.0(2); C3'-V1-C2', 105.31(15); V1-C4-C12, 129.0(2). (9); V1-C3, 2.0425 (9); V1-C4, 2.3784 (9); V1-B5, 2.4180(11); V1-B6, 2.4207(11); V1-B7, 2.3696(10); V1-(C4-B5-B6-B7)centroid, 1.8006 (1); V1-(C4'-B5'-B6'-B7')centroid, 1.7713(1); C2-B5, 1.5834 (14); B5-B6, 1.8495(16); C3-B6, 1.5874 (14); C3-B7, 1.5923 (14); C4-B7, 1.7386 (14); C2-C4, 1.5191(12); C4-C12, 1.5320 (13); V1-C2', 2.0585(9); V1-C3', 2.0284(10); V1-C4', 2.3431 (9); V1-B5', 2.3886(11); V1-B6', 2.3778(11); V1-B7', 2.3660(11); C2'-B5', 1.5948(15); B5'-B6', 1.8462(16); C3'-B6', 1.5923 (14); C3'-B7', 1.5996 (14); C4'-B7', 1.7282 (14); C2'-C4', 1.5320 (13); C15-C2', 1.5303 (13); C3-V1-C2, 102.82 (4); C3'-V1-C2', 105.24 (4); V1-C4-C12, 127.56 (6) .
In both complexes, a formal V 2+ ion is sandwiched between two tricarbadecaboranyl ligands that are linked by the -(CH2)4-chain. The 2 and 3 structures differ only in the handedness of cages. Thus, as can be seen by comparing Figures 1 and 2 The shortest vanadium-cage distances are to the C2(2') and C3 (3') carbons that are puckered toward the vanadium and these distances, as well as the V1-(C4-B5-B6-B7)centroid and V1-(C4'(5')-B5'-B6'-B7')centroid distances, are similar to those of the untethered V(Me-C3B7H9)2
complexes [4] . These centroid distances are significantly shorter than the V-Cp centroid distance
Even though each of the VC3B7 cluster fragments in 2 and 3 have only 21 skeletal electrons, their cage structures appear identical to that of the 11-vertex closo-octadecahedral geometry framework expected for a 24 skeletal electron system, such as (1-η 5 -C5H5)-closo-(2-CH3-2,3,4-C3B7H9)Fe. The absence of any cage distortions in 2 and 3 is consistent with the observation by Wade [12] that, as a result of their HOMO and LUMO orbitals not having degenerate levels, 11-vertex clusters have a unique ability to accommodate various electron counts in an octadecahedral framework.
In both 2 and 3, the linker attachment points on their two cages are different. One cage of each complex has the linkage attached to the C2 cage-carbon, but in the other cage, a cage-atom rearrangement moved the C2 cage-carbon along with its attached -(CH4)2-linker to the adjacent 4-position. Such cage-carbon migrations have frequently been observed in many alkyl-substituted metallatricarbadecaboranyl complexes, including the untethered V(Me-C3B7H9)2
complexes [4] . We have previously demonstrated [13] via 13 C labeling studies of the isomerization of (1-η 5 -C5H5)-closo- 3, Fe to its (1-η 5 -C5H5)-closo-4- -4-13 C-2,3,4-C3B7H9) Fe isomer that these isomerizations are consistent with a simple cage belt-rotation mechanism where the C2 cage-carbon moves to the adjacent 4 (or 5) position while retaining its exopolyhedral-substituent. Such a process could also readily account for the formation of 2 and 3. Thus, as shown in Scheme 3, initial formation of the two isomeric ansa-
CH3
result from reactions of VCl3 with the R+S and R+R/S+S forms of 1, respectively. As shown in the Scheme, the structure observed for 2 can then be derived from the ansa- (2',2- [9] .
The cage-carbon migration in combination with the longer -(CH2)4-linker allows the two cages in 2 and 3 to rotate to a perpendicular interlocking position, as measured by the dihedral angles between the C2-V1-C3 and C2'-V1-C3' planes in 2 (85.0(1) o ) and 3 (89.16(2) o ). This orientation maximizes the bonding interaction with the metal and prevents unfavorable steric interactions between the two linked cages. This was the favored cage confirmation observed for the untethered (Me-C3B7H9)2V isomers and results in encapsulation of the metal center thus inhibiting its further reactions with other potential reactants [4] . This orientation contrasts with those observed for the ansa-ferrabis(tricarbadecaboranyl) complexes ansa- (2',4-(CH2)2-) commo- Fe-(1'-Fe-2',3',5'-C3B7H9)(1-Fe-2,3,4-C3B7H9) and ansa-(2',4-(CH2)2-) -commo-Fe-(1'-Fe-2',3',5'-C3B7H9) 3, containing the 2-carbon linker where their shorter tethers force the cages into more eclipsed conformations with dihedral angles between their C2-Fe-C3 and C2'-Fe-C3' planes of only 64.04(5) o and 56.36(4) o [9] .
Scheme 3.
Cage-carbon migration reactions by a belt-rotation mechanism leading to the formation of 2 and 3. In summary, the new linked-cage [6, 6, )2] 2dianion has been used to form the first examples of ansa-vanadabis(tricarbadecaboranyl) complexes. A cagecarbon rearrangement along with the long flexible -(CH4)2-linker enables the two cages in these complexes to rotate into a perpendicular interlocking configuration that maximizes the bonding interaction with the metal, reduces unfavorable steric interactions between the two linked cages and encapsulates the vanadium inhibiting its interactions with other potential reactants. These types of bis(tricarbadecaboranyl) dianions thus hold great promise for the syntheses of new families of highly stabilized ansa-sandwich compounds.
Experimental

General Procedures and Materials:
Unless otherwise noted, all reactions and manipulations were performed in dry glassware under nitrogen atmospheres using the high-vacuum or inert-atmosphere techniques described by
Shriver [14] .
The arachno-4,6-C2B7H13 was prepared as previously reported [15] . were used for chromatography. Melting points were obtained on a standard melting point apparatus and are uncorrected.
Synthesis of Li2 + [6, 6, 6.6 (d, 124, 1B) , 3.9 (d, 124, 1B), -5.8 (d, 124, 1B) , -10. 9 (d, 151, 1B), -13.3 (d, 124, 1B), -24.7 (d, 151, 1B), -31.9 (d, 138, 1B) .
Synthesis of ansa- (2', 4-)-commo-V- (1'-V-2',3',5'-C3B7H9 ) (1-V-2,3,4-C3B7H9) (2) and ansa- (2', 4-)-commo-V- (1'-V-2',3',4'-C3B7H9 ) (1-V-2,3,4-C3B7H9) (3):
A THF solution of 1 (1.6 mL of a ~0.15 M solution, 0.24 mmol) was added to a Schlenk flask containing VCl3·THF (187 mg, 0.5 mmol) under N2. After stirring for 36 h at reflux, the reaction mixture was exposed to air and filtered through a short silica gel plug using CH2Cl2 and diethyl ether as eluents. The solvent was vacuum evaporated and the oily blue residue was redissolved in CH2Cl2 and chromatographed on a silica gel plate using a pure CH2Cl2 eluent to give two green bands, which were then extracted with CH2Cl2 to yield the two isomers: Single crystals were grown through slow solvent evaporation from dichloromethane solutions. X-ray intensity data were collected on a Bruker APEXII CCD diffractometer employing graphite-monochromated Mo-Kα radiation (λ=0.71073 Å). The structures were solved by direct methods (SIR97) [17] . Refinement was by full-matrix least squares based on F 2 using SHELXL-97 [18] . All reflections were used during refinement (values of F 2 that were experimentally negative were replaced with F 2 = 0). Non-hydrogen atoms were refined anisotropically, cage hydrogen atoms were refined isotropically, and all other hydrogen atoms were refined using a riding model. Crystal and refinement data are given in Table 1 . Selected bond distances and angles are given in the figure captions. a, Å 13.2482 (7) 9.7439 (3) b, Å 13.0650 (6) 12.7064 (4) c, Å 10.5990 (6) 15.0961 (4) β, deg 98.9700 (10) V, Å 3 1834.56 (17) 1846.19 (9) Dcalc, g/cm 3 
